Forty-five cases of bovine abortion were examined using in situ hybridization (ISH) with a biotinylated DNA probe specific for bovine herpesvirus-1 (BHV-1). Of the 45 cases, 16 were diagnosed as due to BHV-1, 15 were determined to be due to other causes, and 14 were of undetermined etiology. Direct comparisons between ISH and an immunoperoxidase (IP) test specific for BHV-1 were performed on formalin-fixed, paraffinembedded tissue sections of lung, liver, kidney, spleen, thymus, and placenta; fluorescent antibody tests for BHV-1 and virus isolation were performed on fresh lung and liver. In comparison to these routine BHV-1 detection techniques, ISH had an overall sensitivity of 88.2% and a specificity of 89.3% in detecting BHV-1 in aborted fetuses. Immunoperoxidase was more sensitive than ISH with tissue sections from lung (87.5% vs. 69%), liver (92% vs. 17%), spleen, and placenta; results of the tests on tissue sections from kidney were concordant. Liver sections presented special problems in that nonspecific reactions were frequently observed with hybridization. With thymus sections, the rate of detection was higher by hybridization than by IP, but the specificity of some of these reactions could not be confirmed.
abortion in cattle . 6, 10, 11 However, current diagnostic techniques are limited in their abilities to detect this virus in fetal tissues. Virus isolation, while highly specific, lacks in sensitivity. This technique is generally not successful when the tissue has been collected late in the disease process, as is usually the case, or when the tissue has autolyzed to the extent that no infectious virus remains. The fluorescent antibody (FA) test, while able to detect antigen when infectious virus is no longer present, is difficult to evaluate on autolytic tissues and also may lack in sensitivity. Immunoperoxidase (IP) tests, especially when performed with monoclonal antibody, may improve the sensitivity over that obtained with FA. 15 In situ hybridization (ISH) techniques for detection of viral nucleic acids in tissues are now used to diagnose a variety of diseases. 2, 3, 5, [7] [8] [9] 12, 16 In situ hybridization has proven to be specific, sensitive, and capable of detecting viral nucleic acids in the absence of infectious virus or expressed antigens. The development and use of biotinylated nucleic acid probes for hybridization, along with commercially available kits for their immunoenzymatic detection, has enabled adaptation of ISH to diagnostic virology laboratories.
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Received for publication October 17, 1988. and used for the detection of BHV-1 nucleic acids, using blot hybridization 1, 4 and ISH. 5 The present study was undertaken to assess the diagnostic efficacy of ISH using a biotinylated DNA probe for diagnosing cases of BHV-1 -induced bovine abortion. Results were compared to those obtained using virus isolation (VI), FA, and an IP technique to detect BHV-1 antigen.
Materials and methods
Specimens. Forty-five aborted bovine fetuses, submitted for diagnosis to the Veterinary Diagnostic Laboratory at Colorado State University, were used. Frozen sections of lung and liver were routinely examined for BHV-1 and bovine viral diarrhea virus (BVDV) antigens by use of direct FA; sections of formalin-fixed, paraffin-embedded lung, liver, and, in some cases, spleen, kidney, thymus, and placenta were examined by histopathology, IP, and ISH for BHV-1. Impression smears of fresh spleen and placenta were examined for Chlamydia by use of the Gimenez stain. Bacterial cultures were performed using standard techniques on stomach contents and various internal organs.
FA test, IP test, and VI. These tests were performed as described previously. 15 Nucleic acid hybridization probe. A recombinant plasmid containing the 17-kb HindIII C fragment of the BHV-1 genome, designated pCB45, was labeled by nick translation with biotin-11-dUTPB a and purified on spin columns. 5 ISH. Glass microscope slides were treated to allow covalent binding between formalin-fixed, paraffin-embedded tissue sections and slides as described previously. 17 Briefly, slides were soaked in 1 N HCl, dehydrated in ethanol, and coated overnight in Denhardt's solution. They were then fixed in ethanol : acetic acid (3:l), acetylated with acetic an-231 hydride, and dehydrated. Organosilanation with 1% gammaaminopropyltriethoxy silane was performed overnight at 70 C; the slides were washed extensively and then baked overnight at 100 C. Slides were activated as needed by treating with 10% glutaraldehyde in phosphate-buffered saline (PBS; 0.008 M sodium phosphate, 0.15 M sodium chloride, pH 7.2) and then rinsing in water, and were stabilized in 0.1 M sodium metaperiodate.
Tissue sections were deparaffinized in xylene and rehydrated through graded ethanol. The procedure followed for tissue section treatment and hybridization was essentially that as described previously. 5 Briefly, treatments included 0.2 N HCl, 0.01% Triton X-100 in PBS, and 0.5 mg/ml Proteinase K. b After inactivating the Proteinase K with glytine (2 mg/ml in PBS), the slides were washed twice in 2 x SSC (1 x SSC = 0.15 M sodium chloride plus 0.015 M sodium citrate, pH 7.0), and twice in 2 x SSC with 50% formamide.
The hybridization mixture consisted of 2 x SSC with 50% formamide, 10% dextran sulfate, 250 µg/ml salmon sperm DNA, b and 2 µg/ml probe DNA. Twenty microliters of this mixture was added to a section, and to an identical section on a separate slide 20 µ1 of hybridization mix was added without probe DNA as a control. Coverslips were applied and sealed with rubber cement. The slides were heated at 80 C for 5 min, quickly chilled in an ice water bath, and floated (in a petri plate) in a 37 C water bath overnight.
After removing the coverslips, the slides were washed twice in 2 x SSC-50% formamide at 37 C, twice in 2 x SSC at 37 C, and once in 2 x SSC at room temperature. Hybridization was detected using an alkaline phosphatase DNA detection system. This procedure included an incubation with streptavidin, followed by biotinylated polyalkaline phosphatase. The substrate solution consisted of nitro-blue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate. To this was added 10 µl/ml of levamisole, c an inhibitor of nonintestinal forms of alkaline phosphatase. The sections were counterstained with eosin-Y, dehydrated, and mounted. A tissue was scored positive if focal areas of dark bluish purple-stained cells were seen on the test slide and not seen on the control slide (adjacent tissue section without probe).
To determine sensitivity and specificity of ISH relative to other diagnostic tests, a positive case was defined as one in which IP and/or FA and/or VI were positive on any 1 fetal tissue examined. A negative case was defined as one in which all 3 of these tests were negative on all tissues examined from that fetus. For ISH, a case was considered positive if any 1 tissue from that fetus was positive. Table  1 . Thirty-nine of the 45 cases were in agreement. Two cases were missed by ISH; both of these cases were positive by other techniques on multiple tissues. Four additional cases were positive only by ISH. Only 1 of these 4 could be ascertained to be truly positive because it was 1 of 3 fetuses submitted from an abortion "outbreak," of which the other 2 fetuses were positive for BHV-1 by other techniques with multiple tissues. Counting this case as a true positive result brings the total number of BHV-1-positive cases to 17. The sensitivity of ISH compared to the overall case results was 88.2% (15/l7) and specificity was 89.3% (25/28).
Comparison to IP. Since IP was the most sensitive technique previously employed, and the sensitivity was equivalent to that of ISH (88.2%), a direct comparison was carried out between IP and ISH with each tissue section from each fetus examined (Table 2) .
Of the 44 lung sections examined, 16 were positive by either IP or ISH, 14 were positive by IP, and 12 was positive, and only by hybridization; no lesions were positive by ISH. Ten of these positive results were were seen on gross or histologic examination. In all in agreement. Both techniques showed positive staining in nuclei and cytoplasm of the infected cells and, in most cases, the tissue morphology was altered, showing cellular destruction at the site (Fig. lA, 1B) . The positive-stained areas were often larger and more intense with IP than with ISH. The stained areas correlated well with multiple areas of cellular necrosis observed histologically.
With lung tissues there were 6 cases that showed discordant results. In 1 discordant case, where lung, liver, kidney, and placenta were examined, only lung other positive cases, BHV-1 was detected in lung by at least 2 techniques (ISH, IP, FA, VI) and in at least 1 other tissue of that fetus. Thus, the discordant case may have been falsely positive by ISH. In discordant cases where lung was negative by hybridization yet positive by IP (4 cases), at least 2 other tissues from each of these cases were positive by 1 or more techniques, providing substantial agreement with IP by tests on other tissues from the same fetus. In situ hybridization was apparently falsely negative in these cases. In 1 other exceptional case, lung and liver were found to be positive by FA and negative by all other techniques.
Liver sections were difficult to evaluate with the hybridization technique. One problem encountered was the presence of focal areas of positive-appearing cells on both the test and control slides. These foci were found to be in the same place on the 2 corresponding sections. By comparison with histologic (hematoxylin and eosin-stained) slides, it was determined that the focal areas that accumulated hybridization signal were associated with multifocal areas of cellular necrosis. Problems were also caused by an intense hybridization signal covering most or all of a section; this was occasionally seen on both the test and control slides, or on either 1 alone. This type of signal did not correlate well with autolysis, as reported histologically. Both of these problems with nonspecific hybridization signal could in some cases be alleviated by the incorporation of levamisole in the substrate reaction mixture (data not shown). However, this treatment was not effective in all cases, and thus it was difficult to detect a positive reaction in these cases.
Positive reactions with liver using IP and ISH are shown in Fig. 1 C, ID. Eleven of the 39 liver sections were positive by IP; but only 2 of these (5%) were also unequivocally positive by ISH. No liver section was positive by hybridization and negative by IP. Of the 9 liver sections that were negative by hybridization but positive by IP, 5 had the nonspecific focal lesions, 2 were severely autolytic, and 2 were necrotic but not autolytic. In all of these 9 cases of hybridization-negative liver sections, there was evidence of a BHV-1 infection based on the examination of additional fetal tissues from the same cases.
The IP and ISH tests were concordant on the kidney sections examined; the same 4 of 17 sections of kidney tissue examined were positive by both techniques.
Of 9 sections of thymus examined, 8 were positive by ISH and/or IP. Five were positive by ISH and negative by IP, while none were positive by IP and negative by ISH. Of the 5 cases with hybridization-positive, IP-negative thymus sections, 3 of the fetuses had evidence of BHV-1 infection from positive results on other tissue sections from the same fetus (2 cases), or from positive results on other fetuses from the same "outbreak," as mentioned above (1 case). The other 2 cases had no other supportive evidence of BHV-1 infection.
Seven of 8 splenic sections examined were positive by ISH and/or IP, with 4 being positive by both. The 3 discordant cases, in which ISH or IP were negative, were all cases that were truly positive, based on positive results on other tissues, and by at least 2 detection techniques. Of the 7 placenta sections examined, 2 were positive by IP (these were also clearly positive cases), and none were positive by ISH.
Discussion
It was clear from the results that ISH was in good agreement with the results obtained with other BHV-1 detection techniques for most tissues examined. However, the ISH technique was clearly unsuitable for use with liver tissue. There may be several explanations for this result. First, the nonspecific reactions observed may have been due to intrinsic problems with the infected tissue. Necrosis of cells may have led to nonspecific entrapment of the hybridization probe, or interfered with the enzymatic detection system. The tendency for liver to autolyze quickly may also have been responsible for the dramatic difference seen with this tissue. Indeed, when the hybridization probe was left out of the reaction mixture in these cases, a positive-appearing reaction was still obtained; the necrotic or autolytic foci in these tissues may have contributed to the release of endogenous phosphatase activity.
With lung tissue, the majority of the cases were in agreement. However, ISH may have been falsely negative in some cases, and these results may have been due to the smaller size of positive foci and decreased intensity of signal compared to IP. While it was possible that viral nucleic acids were degraded more than viral antigens, this seems unlikely, and a more realistic explanation may have been that the detection system for the biotinylated probe was not as efficient. In preliminary experiments, an avidin-biotin-peroxidase complex method for detection of the probe was found to be a limiting step of the technique (data not shown). Antibody amplification steps for probe detection, as described previously,* were found to give excessive background with the tissues analyzed here; thus, the polyalkaline phosphatase detection method was chosen for the present investigation.
In cases where only a slight staining reaction was observed by ISH, some degree of subjectivity on the part of the person reading the slide was inherent in the test. For the comparisons carried out in this study, 1 person performed the ISH tests and another performed the IP tests, and the results were determined independently.
To some extent it was possible that sampling error, whereby a lesion was not included in the material examined, contributed to the false negative results with ISH. Sections were prepared from the identical blocked tissue specimens in each case and were, in most cases, cut consecutively. However, due to the cutting of additional sections for control purposes, adjacent sec-tions may not have been analyzed with the different techniques.
In terms of false positive hybridization results, there was only 1 occasion with lung and 2 occasions with thymus where ISH was the only positive result. Whether these results were accurate could not be determined independently, because no other tissues from these fetuses yielded positive results with other techniques, and histopathologic analysis could not confirm the hybridization results. It is possible that these hybridization results represented very early BHV-1 lesions in the fetus, and thus were accurate diagnostic tests. With respect to sensitivity and specificity of hybridization, the values would change to 90% (18/20) and 100% (25/ 25), respectively, if these were true positive results.
In comparing the overall quality of results obtained by ISH and IP tests, a positive result by IP was much more dramatic and unequivocal than a positive result with ISH. The focal areas of staining seen with IP were numerous and distinct, as described previously, 15 and background was almost nonexistent. Autolysis did not interfere with IP. 15 The quality of the tissue section itself was always better after the IP procedure; the use in the ISH procedure of protease, acid, detergents, and stringent washes, plus the removal of the coverslip after incubation, all tended to be destructive to the tissue section and gave it a "chewed-up" appearance. However, the inclusion of these treatments was necessary, as determined in preliminary experiments. Others have found these treatments to be necessary as we11, 2, 3, 5, 9, 16 particularly that of protease. l6 The sensitivity of IP was better than that of ISH with sections of lung (87.5% [14/16] The sensitivity with kidney sections was the same for both techniques. With thymus, the sensitivity of ISH could not be adequately determined because of the large number of positive results obtained only by ISH. The use of ISH on thymus tissue may be the most sensitive procedure for detection of BHV-1 in fetuses.
Nucleic acid probes may prove advantageous in the detection of latent infections. l Exquisite sensitivity in detecting BHV-1 by ISH has been achieved with latently infected ganglia using radiolabeled hybridization probes and long exposure times on photographic emulsion. 14 However, when comparisons of diagnostic ISH techniques have been made with other viruses, sensitivities have not achieved l00%, similar to results of the present study. 3, 7, 12 The present investigation was undoubtedly limited by the technical considerations necessary for use of the hybridization probe in a diagnostic setting. For example, sensitivity might be improved by the use of a radioactively labeled, rather than a biotinylated, probe. Also, while it is fortunate that DNA probes will work on formalin-fixed tissues, this type of fixative is not ideal, and other fixatives, such as glutaraldehyde-based ones, may produce better results. l3 A disadvantage of the use of the ISH technique, particularly in a diagnostic setting, was its costliness in time and money. The expense of the technique, including nick translation, chemical treatment of slides, and the chemicals and kits involved in the protocol, was 2-3 times that of the IP technique (assuming availability of a suitable monoclonal antibody). Additionally, the IP technique could be completed in 1 day, while the ISH technique (not considering nick translation and slide treatments) took 2 days to complete. If the numerous steps involved with ISH could be reduced while the sensitivity of the technique was preserved or increased, then the technique would be more amenable to a diagnostic setting.
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